INTRODUCTION
Fire blight caused by the bacterium Erwinia amylovora is a necrotic disease of economic importance which affects pear and apple trees as well as a range of ornamentals including Crataegus, Cotoneaster and Pyracantha (Aldwinckle & Beer, 1979) . The disease can be only partially controlled through the use of resistant plant genotypes, cultural measures, or applications of antibacterial compounds (streptomycin, copper and flumequine). Streptomycin, however, is banned for agricultural use in many countries, and resistance of bacteria to this antibiotic is becoming more widespread (Moller et al., 1981; Loper et al., 1991) ; copper compounds are often phytotoxic, and flumequine is expensive. Therefore, alternative control methods must t Present address: Biologie Cellulaire, Universite Paris-Sud, Bat. 444, F-91405 Orsay Cedex, France.
be investigated. For this purpose, biological control of fire blight using microbial antagonists is considered a viable alternative to chemical control.
A number of biological agents have been tested against E. amylovora (Aldwinckle & Beer, 1979) . The epiphytic bacteria Erwinia herbicola and Pseudomonas fluorescens have been used extensively and were effective in controlling fire blight in pear or apple experimental orchards (Thomson et al., 1976; Beer et al., 1987; Kearns & Hale, 1993) or of ornamentals (Isenbeck & Schulz, 1985 ; Wilson et al., 1992a, b) . Avirulent strains of E. amylovora also appeared to protect pear or apple tissues against fire blight infection under experimental conditions (Goodman, 1967; McIntyre et al., 1973 ; Wrather et al., 1973 ; Paulin, 1978) . Nevertheless, they were not evaluated as potential biocontrol agents in any field studies. They could be valuable candidates if such strains, though avirulent, retained their ability to survive in their environment. In this respect they could be introduced successfully to compete with the pathogen.
However, such a use is not ecologically acceptable, because the genetic stability of the avirulent strains is unknown. In contrast, avirulent insertion mutants, genotypically well characterized, might provide acceptably modified bacteria, as recently reported (Frey et al., 1994) for the biocontrol of tomato bacterial wilt.
Transposon insertions have produced two groups of avirulent mutants of E. amylovora. In one group the insertions appeared to map in a large hrp region essential for both the elicitation of the hypersensitive reaction (HR) on non-host plants and pathogenicity on host plants (Steinberger & Beer, 1988; Barny et al., 1990; Bauer & Beer, 1991; Tharaud et al., 1994b) . Some mutations in a part of this large cluster led to a loss of pathogenicity and a variable HR (Barny et al., 1990; Bauer & Beer, 1991) . This subregion was first designated as a dsp (disease specific) region (Barny et al., 1990) , and subsequently as a hrm (hypersensitive response modulator) region (Tharaud et al., 1994b) . In another group of avirulent mutants the insertions mapped in an ams (amylovoran synthesis) region (Belleman & Geider, 1992; Tharaud et al., 1994b) . These mutants appeared to lack exopolysaccharide (mainly amylovoran) production.
In this paper, we report on the protective ability against fire blight of a collection of available avirulent mutants of E. amylovora, under controlled conditions. This collection of mutants consisted of 34 MudIIPR13 or Tn3Gus insertion mutants, phenotypically and genotypically characterized. Factors modulating the protection process were examined and the potential mechanisms are proposed. In previous reports (Tharaud et al., 1993 (Tharaud et al., , 1994a we gave preliminary results of the protective ability of a few avirulent mutants as well as data on population dynamics in protective and non-protective situations.
METHODS
Bacterial strains and culture conditions. Bacterial strains used in this study are listed in Table 1 . Avirulent mutants as well as the localization of the MudIIPR13 and Tn3Gus insertional sites are described elsewhere (Barny et al., 1990; Menggad, 1994; Tharaud et al., 1994b) . When available, restriction maps (Bauer & Beer, 1991 ; Wei & Beer, 1993 , 1995 and published sequences (Wei & Beer, 1993 ,1995 of specific hrp genes were used to define more precisely the location of a mutational insertion. The double mutant strain PMV6076-D4 was obtained by marker-exchange mutagenesis of the hrp-dsp mutant PMV6076 (Barny et al., 1990) with the plasmid pEA109-4 (Bernhard et al., 1993) . CFBPl376, a naturally avirulent isolate which exhibited a high protective ability in preliminary experiments (Tharaud et al., 1994a) was used as a positive control. Bacteria were routinely grown for 24 h at 27 "C on King's medium B (KB; King et al., 1954) , supplemented with chloramphenicol(l0 pg ml-') for the MudIIPR13 mutants, or kanamycin (20 pg ml-l) for the Tn3Gus and Tn.5 mutants.
Plant material and growth conditions. Actively growing young (five to eight leaves) apple seedlings from openpollinated cv 'Golden Delicious' were grown in 0 3 1 pots containing a commercial soil mix (sand 1/3, peat 1/3, soil 1/3). The experiments were conducted in a greenhouse (20 "C, 80 O/ O relative humidity, natural photoperiod) especially designed to prevent release of potentially harmful bacteria into the environment.
Plant inoculation.
The youngest expanded leaf of each plant was wounded by a double incision (-1 mm) perpendicular to the midrib, approximately in the middle of the leaf. One drop (10 pl) of bacterial suspension was immediately placed on the wound. Two types of inoculations were used: (i) sequential inoculation, in which the avirulent (potentially protective) strain was applied on the wound 2 h before the virulent strain; and (ii) co-inoculation, in which suspensions of the avirulent and the virulent strains were mixed in a test tube immediately before laying one drop of the mixture on the wound. Sterile water was used as a control. Ten plants (20 in some experiments) were inoculated with each mutant for each procedure of inoculation (sequential inoculation or co-inoculation). In most cases each experiment was repeated at least twice at different times.
In our standard assay for protective ability, the bacterial suspensions were adjusted in sterile water as follows : avirulent strains 3 x 10' c.f.u. ml-' (i.e. 3 x 107 c.f.u. applied per plant), and virulent strain 3 x lo8 c.f.u. ml-l (i.e. 3 x lo6 c.f.u. applied per plant). The inoculum concentration was evaluated by plating serial dilutions onto KB. The influence of the inoculum concentration was studied by the use of sequential inoculations for four avirulent strains (PMV6046, PMV6070, PMV6075 and CFBP1376) versus the virulent CFBP1430. Avirulent/virulent inoculum concentrations were as follows (c.f.u. per plant) : 3 x 105/3 x lo4, 3 x 105/3 x lo5, 3 x lo6/ 3 x lo5, 3 x 106/3 x lo6, 3 x 107/3 x lo6, 3 x 107/3 x lo7.
The protective effect of three avirulent strains (PMV6046, PMV6075 and CFBP1376) against the following virulent strains of E. arnylovora was tested : CFBP3049, CFBP3050, CFBP3051 and CFBP1430 (from the most to the least virulent, according to the frequency of infections and mean length of necrosis after inoculation on apple genotypes; Paulin et al., 1993).
Assessment of results.
The extent of the symptoms (necrosis on the midrib of the inoculated leaves, then on petiole and stem) was noted for 3 weeks after inoculation. A plant was considered protected when at the end of this period no necrosis could be noticed on the stem or petiole. A necrosis limited to the leaf blade, without progression in the petiole, was considered as protection. The protective ability of an avirulent strain was assessed by the percentage of infected plants (i.e. non protected) as compared to the percentage obtained with the water control. For each strain these percentages of infected plants were compared by Fisher's exact test.
RESULTS

Protective ability of the avirulent mutants
In these experiments the virulent strain was CFBP1430, which is the standard strain of the pathogen used in our inoculation tests for resistance to fire blight and from which the avirulent insertion mutants were derived. The percentages of infected plants calculated 3 weeks after inoculation are shown in Table 2 . When the virulent CFBP1430 was inoculated alone (water protection mutants (15 out of 25) and for CFBP1376 this effect was repeatedly observed. With mutants PMV6077, PMV6086, PMV6087 and PMV6117 the protective effect was only occasionally observed. With PMV6089, PMV6193 and PMV6076-D4 the percentage of infected plants was high in all experiments (mean value 60%, 63 % and 70 Yo, respectively), which indicated a lack of protection by these mutants.
With co-inoculation, only 7 strains out of 35 tested were able to reduce significantly the percentage of infected plants, indicating a protective effect against fire blight.
Two strains were mutated in hrpL (CFBP1376 and PMV6024) ; three mutations were located in complementation group IV (strains PMV6033, PMV6046 and PMV6073) ; the two other protective strains, PMV6076 and PMV6082, were deleted of the entire hrp cluster (Table 1) .
Protected plants never showed any subsequent necrosis when examined after more than 3 weeks (data not shown). Furthermore, when the virulent CFBP1430 strain was inoculated (3 x lo6 or 3 x lo4 c.f.u. per plant) 2 h or 0.5 h before an avirulent protective strain ( 3~1 0~ c.f.u. per plant), no control effect was ever observed (data not shown).
Influence of the inoculum concentration
Four avirulent strains, PMV6046 (complementation group IV), PMV6070 (Dsp-), PMV6075 (complementation group VI) and CFBP1376 (HrpL-) and the virulent CFBP1430 were tested using the sequential inoculation procedure with various inoculum concentrations and different avirulent/virulent ratios. Results are given in Fig. 1 . For these four avirulent strains a significant reduction in the percentage of infected plants was noticed in each experiment when inoculum concentrations were 'standard', i.e. (c.f.u. per plant) avirulent strain 3 x lo7, virulent strain 3 x lo6, giving an avirulent/virulent ratio of 10: 1. Both PMV6046 and CFBP1376 still significantly reduced the percentage of infected plants when avirulent to virulent cell concentrations (c.f.u. per plant) of 3 x 106/3 x 105 (10: 1) and 3 x 107/3 x lo' (1 : 1) were applied. In all other situations studied (the other two avirulent mutants, and other inoculum concentrations giving ratios of 10: 1 or 1 : l ) , no significant protective effect was noticed.
Influence of the virulence level of the pathogen
The protective effect of three avirulent strains against four virulent wild-type strains was tested with both the sequential inoculation and co-inoculation procedures (Table 3) . With the sequential inoculation procedure, whatever the virulence of the challenger strain, PMV6046 and CFBP1376 showed a protective effect, unlike PMV6075, which was only effective against the least virulent strains, CFBP3051 and CFBP1430. With the co-inoculation procedure, PMV6046 and CFBP1376 offered protection only against the least virulent strains CFBP3051 and CFBP1430. The mutant PMV6075 was not effective in these co-inoculation experiments. 
DISCUSSION
In this paper we have shown that several avirulent mutant strains of E. amylovora are able to prevent apple seedlings from developing fire blight symptoms when inoculated before or simultaneously with a virulent strain. As emphasized by the high level of disease observed with the water controls, the protective effect was obtained even under conditions highly favourable to fire blight development. The method of inoculation appeared questionable when we had to design the experimental procedure for evaluating the protective ability of avirulent strains. The wounding of a leaf, which is a widely used procedure, might have interfered with the results due to woundinduced defence response of the plant (Bostock & Stermer, 1989 ; Matta, 1991 ; Bradley et al., 1992) . Thus, we attempted to develop an inoculation procedure without wounding : spraying a suspension of the virulent strain led to a high infection rate only under saturated relative humidity applied for several hours to apple seedlings, making such a virulence assay system difficult for examining a large number of strains. The experimental procedure we chose by-passes the first steps of the pathogen penetration into the plant. Nevertheless the results showed that, once the pathogen was inside the plant tissues, it was possible to clearly discriminate between pathogenicity and protection, confirming the validity of the inoculation method.
In well-defined experimental conditions, the protective effect was quite reproducible. Several parameters, however, proved to play a role in the occurrence and/or in the level of protection : the type of avirulent mutant, the type of virulent strain, the timing of inoculation of the avirulent and virulent strains, and the absolute and relative concentrations of the avirulent and virulent strains. Different types of behaviour in terms of protection of different avirulent mutants were revealed according to the other parameters ; the correlation with altered functions will be discussed.
Most avirulent mutants were regularly able to protect apple seedlings against fire blight infection in sequential inoculation experiments in which the avirulent mutant was inoculated 2 h before inoculating the virulent strain. Only three strains, PMV6089 (Ams-), PMV 6193 (Ams-), and PMV6076-D4 (Hrp-Ams-), were unable to do so. Conversely, six Hrp-strains showed a highly protective effect, exhibiting a significant protective ability even in co-inoculation experiments. These highly protective strains, however, were unable to protect apple seedlings when applied after the virulent strain within a 2 h or even a 0.5 h delay.
Four avirulent protective strains were used, with the sequential inoculation procedure, to study the influence of the inoculum concentrations and avirulent/virulent ratios. In the main our results are consistent with previous studies which indicated that the avirulentl virulent ratio should be at least 1 O : l to obtain a significant protective effect against fire blight (Goodman, 1967; Paulin, 1978) , bacterial wilt of tobacco and tomato (Averre & Kelman, 1964; Trigalet & TrigaletDCmery, 1990) , and crown gall (Lippincott & Lippincott, 1969) . In addition we showed that a minimal concentration of the avirulent strain, 3 x lo7 c.f.u. per plant for basic protective strains, was required to give a significant level of protection. Moreover, the different protective avirulent mutants exhibited different characteristics in this regard, since highly protective strains were able to protect as soon as their inoculum concentration reached 3 x lo6 c.f.u. per plant together with a 10: 1 avirulent/virulent ratio. They were even protective at a 1: 1 ratio with a 3 x lo7 c.f.u. per plant inoculum.
Another approach which discriminated between the highly protective mutants and the others was the protection that they developed towards different virulent isolates, in the sequential inoculation procedure. However, even the highly protective strains PMV6046 and CFBP1376 were not protective when the plants were co-inoculated with the more virulent wild-type isolates CFBP3049 and CFBP30.50. There is presently no satisfactory hypothesis to account for different levels of virulence in E . amylovora. One can assume that, the more virulent a strain is, the earlier the pathogenesis functions are triggered and/or the more intensely they are expressed. In such cases this would make it more difficult for protection to take place, whatever the mechanisms involved.
Altogether our data indicated that events taking place very close to the time of inoculation might determine the issue of the plant-pathogen interaction, suggesting that protection or disease would result from an early competition between avirulent and virulent bacteria. Competition for nutrients is unlikely, however, since no protective effect was observed when the virulent strain was inoculated before the avirulent strain. Competition for putative infection sites of the host plant is more likely, as suggested by the data from the inoculum concentration experiments. A recognition step between the virulent strain and the host plant would be required to start the infectious process. Data from Hignett (1987 Hignett ( , 1988 and Cooper et af. (1990) previously suggested that a contact between host plant cells and E . amylovora seemed necessary for pathogenicity. If that is the case, prior occupation by an avirulent mutant could prevent the virulent strain from reaching the infection sites, which in turn would explain the protection in the sequential inoculation procedure as well as the effective inoculum concentrations. Since the Ams-mutants were never effective in protecting the host plant in these conditions, it is suggested that amylovoran might play a role in the recognition process and, consequently, in protection. This role would be primordial since the highly protective mutant PMV6076 (Ahrp) lost its protective ability when secondarily mutated in an ams gene.
However, the higher protection exhibited by some avirulent strains could hardly be explained in such a context. The three characteristics of highly protective strains are: ability to protect against CFBP1430 in the co-inoculation procedure, ability to protect in conditions of lower inoculum concentration, and ability to protect against the most virulent wild-type strains in sequential inoculation. Furthermore, these highly protective mutants are either (i) deleted of the entire hrp-dsp genomic region (PMV6076, PMV6082), or (ii) altered in the hrpL gene (PMV6024 and CFBP1376) or in one gene located at one end of complementation group IV, possibly hrpS (PMV6033, PMV6046 and PMV6073).
These genes appeared to be involved in regulatory functions (Wei & Beer, 1995; Bogdanove et af., 1996) . This suggests that the highly protective effect is due to the alteration of one of these regulatory functions.
Our previous results dealing with population dynamic studies (Tharaud et al., 1993 (Tharaud et al., , 1994a showed that, whatever the protecting mutant, when there was protection, the population of the virulent strain decreased to a very low level; when there was no protection, the virulent strain multiplied after a delay. Since competition for nutrients is unlikely, these data led us to hypothesize that a plant response is possibly involved in the phenomenon of protection.
All these observations are consistent with the central role assigned to hrp genes in the plant-bacteria interaction (Willis et af., 1991 ; Clarke et af., 1992; Gough et af., 1992). We are currently investigating the possible role of the host plant in protection. Considering the numerous failures reported in biocontrol attempts against plant pathogens, such studies are now urgently needed to provide better understanding of the mechanisms involved in the biocontrol and therefore to allow its use with reasonable chances of success.
